Coaxially aligned polyaniline (PANI) nanofibers doped with 3-thiopheneacetic acid (TAA) were chemically synthesized by the interfacial polymerization of aniline in the presence of TAA, using iron (III) chloride hexahydrate (FeCl 3 ·6H 2 O) as the oxidant. The morphology, crystallinity, room temperature conductivity, and coaxial alignment of the PANI-TAA nanofibers were highly dependent on the organic solvent used for the interfacial polymerization, the oxidant, and also the molar ratio of the aniline to TAA. Hexane, diethyl ether, dichloromethane, chloroform, and acetone were used as the organic solvents, and chloroform proved to be the best solvent for the formation of PANI-TAA nanofibers. The redox potential of the oxidant is the key to controlling the morphology and diameter of the PANI-TAA nanofibers. The use of FeCl 3 as the oxidant leads to the formation of thin (∼50 nm) PANI-TAA nanofibers, which increased in length, crystallinity, conductivity, and coaxial alignment as the molar ratio of TAA to aniline was increased from 0.1 : 1 to 1 : 1. By comparison, only granular PANI was obtained when ammonium persulfate (APS), which has a higher redox potential, was used as the oxidant. The doping function of TAA in the PANI-TAA nanofibers was confirmed by means of FTIR and UV-Visible spectroscopy.
Introduction
Polyaniline (PANI) has attracted a lot of attention in the conducting polymer field due to its electrical, electrochemical, optical, and environmental stability [1] , and it has been extensively studied for many potential applications including lightweight battery electrodes [2, 3] , electromagnetic shielding devices [4] , anticorrosion coatings [5] , and sensors [6] . With the development of nanoscience and nanotechnology, researchers now focus on the nano-sized forms of polyaniline for applications in actuators [7] , drug delivery systems [8] , tissue engineering [9] , gas sensors, and biosensors [10] . Nanostructured PANI can be synthesized by a variety of different methods, such as template synthesis [11, 12] , interfacial polymerization [13] , self-assembly process [14] , and electrospinning method [15] . Among these methods, the template synthesis [12] and electrospinning method [16] are the preferred and most reliable routes for synthesizing ordered conducting polymer nanostructures. However, the templating approach is comparatively expensive since postpolymerization steps are required to remove the template.
The electrospinning method requires a high pressure source and good polymer solubility which limits its general applicability. Interfacial polymerization is one of the most effective alternative methods to chemically synthesize nanostructured electronic conducting polymers [13, 17] . The interfacial polymerization method is based on the polymerization of a monomer at the interface of two immiscible liquids [18] and has previously been successfully used to synthesize PANI nanoneedles [19] , nanofibres [20] , and cyclic nanostructures [21] . Interfacial polymerization is a nontemplate approach in which high local concentrations of both monomer and dopant anions at the liquid-liquid interface promote the formation of monomer-anion (or oligomer-anion) aggregates that act as nucleation sites for polymerization. Typically interfacial polymerization produces powders with fibrillar morphology. Since polymerization occurs only at the liquidliquid interface, a small zone of well defined geometry, different types of nanostructures may form depending on the properties of the two immiscible solvents. However, few reports have appeared in the literature examining the effect of solvent interfacial phenomena on conducting polymer morphology.
Thiophene derivatives are chemically stable compounds and easy to process [22] , which has led to their widespread use in modern drug design, biodiagnostics, electronic and optoelectronic devices, and conductive polymers [23] . 3-thiopheneacetic acid possesses a thiophene ring and also a hydrophilic -COOH group. Accordingly, it is expected that 3-thiopheneacetic acid can be used as dopant to prepare conductive PANI nanofibers whilst at the same time bringing the other desirable properties of thiophene (such as improved solubility in organic solvents).
Herein we report the successful synthesis of coaxially aligned PANI nanofibers with an average diameter of 50 nm and length greater than 1 μm by the interfacial polymerization of aniline in the presence of TAA (the dopant), using iron (III) chloride hexahydrate (FeCl 3 ·6H 2 O) as the oxidant. The morphology of PANI-TAA nanofibres is controlled by careful selection of the oxidant, organic and molar ratio of TAA to aniline in the reaction solution. The structural features of the PANI-TAA nanofibers were characterized by UV-Vis, FTIR spectra, and powder XRD.
Experimental
2.1. Reagents. Aniline (An) and 3-thiopheneacetic acid (TAA) were purchased from Aldrich Chemical Co. Iron chloride hexahydrate (FeCl 3 ·6H 2 O), hexane, diethyl ether, dichloromethane, chloroform, and acetone were all of reagent grade (>99%) and purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. Aniline was distilled under reduced pressure prior to use and stored under N 2 . Other reagents were used directly as supplied by the manufacturer.
Synthesis of PANI-TAA Nanofibers.
The PANI-TAA nanofibers were synthesized by interfacial polymerization in the presence of TAA as the dopant and FeCl 3 ·6H 2 O as the oxidant. Using chloroform as the organic solvent, the typical synthesis procedure for the nanofibers was as follows: 2 mmol of aniline and a certain molar amount of TAA (0.02-0.2 mmol) were dissolved in 10 mL chloroform. FeCl 3 (10 mmol) was dissolved in 5 mL of deionized water. The FeCl 3 solution was then carefully added to the chloroform solution with minimal agitation along the side of the beaker. The aniline/3-thiopheneacetic/chloroform formed the lower organic layer and the FeCl 3 solution formed the upper aqueous layer. The 2-phase reaction mixture was left undisturbed for ∼12 h at room temperature. With time, the upper aqueous layer became brown, then dark green. The resulting PANI-TAA precipitate in the upper aqueous layer was then collected and washed repeatedly with water, methanol and diethyl ether. Finally, the product was dried under vacuum at room temperature for 24 hours.
Characterization.
The morphologies of the PANI-TAA nanomaterials were examined using a JEOL JSM-6700F field emission scanning electron microscope (SEM). Before SEM analysis, samples were mounted on aluminum studs using double-sided adhesive graphite tape and sputter-coated with platinum. The electronic and molecular structure of the PANI-TAA specimens was characterized by UV-visible and FTIR spectroscopy, as well as powder X-ray diffraction (XRD). The UV-visible absorbance spectra of the PANI-TAA products dissolved in m-cresol were recorded from 300 to 1200 nm on a Hitachi UV3100 spectrometer. FTIR spectra of the PANI-TAA nanofibers were collected on a Bruker EQUINOX55 over the range 4000-400 cm −1 at 4 cm −1 resolution. XRD patterns were obtained at room temperature on D/max-2400 spectrometer. The room-temperature conductivity of compressed pellets of the PANI-TAA nanofibers was measured by a standard four-probe conductivity meter (Jandel Model RM2). The electrochemical response of the PANI-TAA materials was determined using a Zhengzhou Shiruisi Instrument Technology Co. Ltd. RST3100 electrochemical workstation. The sample was first dispersed in CHCl 3 and the dispersion slowly added dropwise onto a 2 mm diameter gold plate working electrode to form a film which was allowed to dry at room temperature. The cell was filled with 0.1 M HCl and purged with N 2 for approximately 10 min. Following this, a N 2 was flowed over the solution to prevent O 2 from reentering the cell for the remainder of the experiment. Cyclic voltammograms were recorded in the potential range from −500 to +1000 mV at scan rates of 20 to 120 mV s −1 , using a saturated calomel electrode (SCE) as a reference electrode and a Pt wire as a counterelectrode.
Result and Discussion
For the interfacial polymerization at a liquid/liquid interface, the choice of solvents is very important though not well documented in the literature. In order to find the most suitable organic solvent for the interfacial polymerization of PANI-TAA nanofibres, five different organic solvents (hexane, ether, dichloromethane, chloroform, and acetone) were selected and investigated. Among these solvents, chloroform was found to be the best solvent for yielding PANI-TAA nanofibres with good aspect ratios (length : diameter >20 under certain conditions). Other reaction parameters such as the reaction temperature, the reaction time, the type of the oxidant, the molar ratio of oxidant to aniline, and the molar ratio of TAA to aniline were investigated. We found that the reaction temperature has no obvious effect on the formation of orderly PANI-TAA nanofibers. When the reaction time was >12 hours, no obvious effect of reaction time on the PANI-TAA nanofibers was observed, reflecting the fact that the reaction had proceeded to completion after 12 hours. The type of oxidant had a most important influence on the morphology of PANI-TAA nanofibers. Figures 1(a) and 1(b) show SEM images for PANI-TAA nanofibers obtained using FeCl 3 and APS as the oxidant, respectively. Only granular PANI-TAA was observed when the APS was used as the oxidant (Figure 1(b) ). By comparison, when FeCl 3 was used as the oxidant, both granular and nanofiber PANI-TAA formed (Figure 1(a) ). Based on this preliminary result, we investigated the influence of the molar ratio of TAA to aniline on the formation of PANI-TAA nanofibers. we can conclude that the length and coaxial alignment of the PANI-TAA nanofibers can be controlled in part by simply varying the molar ratio of TAA to aniline. The diameter and length of the PANI-TAA nanofibers are ∼50 nm and 300 nm, respectively, when the molar ratio of TAA to aniline is 0.1 : 1. The length of PANI-TAA nanofibers increased with an increase of the molar ratio of TAA to aniline and reached a length >1 μm when the molar ratio of TAA to aniline was 1 : 1. Also, the coaxial alignment of PANI-TAA nanofibers increased with the increase of the molar ratio of TAA to aniline, which can be clearly seen in Figure 2(d) . The increase in the length of the PANI-TAA nanofibres with increasing TAA : aniline ratio might be expected to increase the crystallinity of the materials. In order to verify this, powder XRD patterns were collected for the PANI-TAA nanofibers obtained at different molar ratios of TAA : An (Figure 3) • , all of which are characteristic for nanocrystalline PANI. The first peak at 2θ = 6.74
• (corresponding to d-spacing of 13.1Å) is assigned to the periodic distance between the dopant and N atom on adjacent main chains [24] , whereas the second peak at 2θ = 9.68
• (corresponding to d-spacing of 9.1Å) and the third peak at 2θ = 14.94
• (corresponding to d-spacing of 5.9Å) are attributed to parallel repeat units of PANI and the interplanar distance followed by the inclusion of TAA molecules [25, 26] , respectively. Interestingly, these three peaks became sharper and shifted slightly to smaller 2θ angles when the molar ratio of TAA to An changed from 0.1 : 1 to 1 : 1. The first peak shifted from 2θ = 6.74
• to 6.32
• (corresponding to d-spacing of 14.0Å), the second peak shifted from 2θ = 9.68 to 9.14 • (corresponding to d-spacing of 9.7Å), and the third peak shifted from 2θ = 14.94
• to 14.76
• (corresponding to d-spacing of 6.0Å) (Figure 3(d) ). These changes are significant and suggest that increasing the molar ratio of TAA to aniline results in increasing the distance in the direction perpendicular to the polymer chain. The peaks at 2θ = 20.56
• and 25.34
• , which are usually ascribed to the periodicity parallel and perpendicular to the polymer chains of PANI [27] , as well as the peak at 2θ = 27.2
• assigned to a periodicity caused by H-bonding between PANI chains [28] , are observed in all PANI-TAA preparations (see Figures 3(a)-3(d) ). These results suggested that H-bonding of amine groups on the PANI backbone and electrostatic interactions between adjacent polymer chains results in the preferential orientation of polymer chains, leading to oriented nanofibers. The XRD patterns observed for the PANI-TAA samples are very similar to those reported for the PANI nanotubes synthesized in aqueous solution [29] , indicating that there is close structural similarity between the PANI-TAA nanofibres synthesized here by interfacial polymerisation and PANI nanofibres/nanotubes synthesized by conventional bulk polymerization methods.
The PANI-TAA nanofibres were characterized by FTIR and UV-Vis spectroscopy to confirm their composition. FTIR transmittance spectra for PANI-TAA nanofibers synthesized at the different molar ratios of TAA to An are shown in Figure 4 . Most of the peaks in the FTIR spectra can be assigned to doped PANI. For instance, the main peak at 1584 cm −1 is characteristic of the quinone diimine ring-stretching deformation, while the 1500 cm −1 band indicates benzenoid diamine ring-stretching [30] . The broad band centred about 3440 cm −1 corresponds to the free N-H stretching vibration of primary (-NH 2 ) and secondary amine (-NH-) groups [31, 32] . The 1300 cm −1 band is assigned to the C-N stretching of the secondary aromatic amine [33] . The peak at 821 cm −1 is assigned to an out-ofplane deformation of C-H in the 1,4-disubstituted benzene ring [34] and indicates that para-coupling of aniline occurs during the interface polymerization. The peak at 1246 cm −1 , ascribed to the C-N +• stretching vibration in the polaron structure, and the peak at 1144 cm −1 associated with the -NH +• = structure are also observed, indicating that PANI in the PANI-TAA nanofibres is in the doped state [35] . In addition to the characteristic peaks from PANI, peaks are observed at 1740 cm −1 (due to the C=O group of TAA) and 2900 and 2850 cm −1 (C-H stretching vibrations of the methylene -CH 2 -groups of TAA [36] ). These peaks intensify with increasing TAA : aniline ratio, confirming that the TAA was successfully incorporated as a dopant into PANI-TAA. Figure 5 shows UV-vis absorption spectra for the PANI-TAA nanofibers obtained at the different molar ratios of TAA to aniline. The peak at 320 nm is assigned to a π-π * excitation of the para-substituted benzene segment in PANI (-B-NH-B-NH-B-; B, benzenoid) [34, 37] , which became more intense with the increase of the molar ratio of TAA to aniline. The peak at 450 nm is attributed to the excitation of the quinone diimine structure (-N=Q=N-; Q, quinoid) in PANI [38] . A broad peak extending to over 900 nm is also observed and became more intense with the increase of the molar ratio of TAA to aniline. The feature is related to the charge-carrier band of PANI [39] and confirms the doping function of the TAA in the PANI nanofibers. The doping function of TAA was further confirmed by the enhancement of the room temperature conductivity of the PANI nanofibers from 5.07 × 10 −3 S/cm to 1.84 × 10 −1 S/cm when the molar ratio of TAA to An increased from 0.1 : 1 to 1 : 1.
The electrochemical response of the samples was investigated by cyclic voltammetry. The PANI-TAA nanofiber samples were solvent cast from a diluted dispersion onto a gold plate electrode, dried, then cycled in 0.1 M HCl at different scan rates. The resulting cyclic voltammograms are shown in Figure 6 . The two sets of redox peaks are observed in agreement with the expected electrochemical behaviour of PANI [40, 41] . The oxidation process with a broad peak at approximately +200 mV is due to the oxidation of the leucoemeraldine to the emeraldine form of PANI, and the peak at approximately +570 mV is due to oxidation from the emeraldine to the pernigraniline form at a lower scan rate of 20 mV s −1 (black line) [41, 42] . At the higher Journal of Nanomaterials scan rate of 120 mV s −1 , the two sets of PANI-related peaks shifted to higher potential and the oxidation peak of the leucoemeraldine to the emeraldine form of PANI occurred around +280 mV and the oxidation peak from the emeraldine to the pernigraniline form was at +628 mV (dark yellow line).
As described in Section 2, PANI-TAA nanofibres are formed at organic solvent (chloroform)/aqueous interface and then migrate into the water layer during interfacial polymerization. Based on the previous reports [43, 44] , nanofibers form initially at the liquid/liquid interface and can then become nuclei for the growth of different shaped particles depending on the pH. Here, the aniline monomer and the oxidant are separated by the boundary between the organic and the aqueous phase, and the polymerization only takes place at the organic/aqueous interface where all the components are actually in contact, indicating that the growth direction for PANI-TAA nanofibres is very limited. Once all of the PANI has been consumed, the polymerization terminates. When APS was used as the oxidant, only granular PANI is observed (Figure 1(b) ). This may be due to much rapider reaction due to the higher redox potential (2.0) of APS compared with that of FeCl 3 ·6H 2 O (0.7) [32] . When FeCl 3 is used as the oxidant, the synergistic effect of relative narrow but well-defined growth space and slow reaction rate leads to the preferential growth of PANI-TAA nanofibers (Figures 1(a) and 2(a)-2(d)). The critical roles of the two immiscible solvents (chloroform and water) during interfacial polymerization, as well as the presence of TAA, on PANI nanofiber growth merit further investigation as the system provides a simple and cost effective route for the fabrication of novel coaxially aligned doped PANI nanofibres.
Conclusion
Coaxially aligned PANI-TAA nanofibers, around 50 ± 5 nm in diameter and of lengths up to 1-2 μm, were successfully prepared by interfacial polymerization at a chloroform/water interface, using FeCl 3 as the oxidant. The length, coaxial alignment, crystallinity, and electrical conductivity of the PANI-TAA nanofibers all increased with the molar ratio TAA:aniline used in the polymerization. This work extends our understanding of the formation mechanism for PANI nanofibers and will be highly useful to researchers interested in the fabrication of coaxially aligned PANI nanostructures for sensing and biomedical applications.
